Abstract. An integrated model is developed, based on seasonal inputs of reservoir inflow and rainfall in the irrigated area, to determine the optimal reservoir release policies and irrigation allocations to multiple crops. The model is conceptually made up of two modules. Module 1 is an intraseasonal allocation model to maximize the sum of relative yields of all crops, for a given state of the system, using linear programming (LP). The module takes into account reservoir storage continuity, soil moisture balance, and crop root growth with time. Module 2 is a seasonal allocation model to derive the steady state reservoir operating policy using stochastic dynamic programming (SDP). Reservoir storage, seasonal inflow, and seasonal rainfall are the state variables in the SDP. The objective in SDP is to maximize the expected sum of relative yields of all crops in a year. The results of module 1 and the transition probabilities of seasonal inflow and rainfall form the input for module 2. The use of seasonal inputs coupled with the LP-SDP solution strategy in the present formulation facilitates in relaxing the limitations of an earlier study, while affecting additional improvements. The model is applied to an existing reservoir in Karnataka State, India.
Introduction
The objective of the present study is to develop a mathematical programming model to determine the steady state optimal operating policy and the associated optimal crop water allocations to each crop for a single-purpose irrigation reservoir. The model should take into account the stochasticity of reservoir inflow and rainfall in the irrigated area, intraseasonal competition for water among multiple crops, soil moisture dynamics for each cropped area, the heterogeneous nature of the soil, and crop response to the level of irrigation applied. The model should be applicable to making reservoir release and irrigation allocation decisions in real time. The present paper is relevant in this context, and the issues involved pose'a challenge even in the limited scope of the problem.
In a series of articles Dudley et al. [1971a Dudley et al. [ , b, 1972 and Dudley [1972] dealt with modeling for irrigation planning with a hierarchy of short, intermediate, and long-run decisions to maximize the net benefits from the use of irrigation water. A combination of stochastic dynamic programming (SDP) and simulation was used as a solution technique. An integrated intraseasonal and interseasonal SDP model was developed by Dudley and Burt [1973] . All these models are essentially singlecrop models. Relaxing the assumption of a single decision maker in communicating the stochastic nature of supplies and demands between the reservoir and farm managers is addressed in two different approaches, namely, volume sharing of reservoir [Dudley, 1988] management and planning decisions in multicrop water resources systems. By using the reservoir level transition probabilities and the functional relationship between net revenues and reservoir releases derived by linear programming, optimal annual reservoir releases as functions of beginning-year reservoir level were derived by dynamic programming. Crop water requirements were assumed to be deterministic. Recently, Dudley and Scott [1993] developed methods and models for determining how large a farm ought to be under the institutional arrangement known as "capacity sharing." In these models it is presumed that the irrigator has a large tract of land with choices of cropping and of "abandoning" a part of it to rain-fed status, if doing so is found to be more profitable. The situation, however, in developing countries is quite different in the sense that the land holdings are relatively very small, and there is little choice of the cropping pattern, as this is by and large fixed or imposed by the project authorities. In addition, in the tropics, even the crop seasons are fixed because of the monsoon climatology. What are most necessary in such situations are multicrop models which optimize the crop output through the allocation of reservoir water. A literature search reveals that very little work has been done in this area. The uncertainties in reservoir inflow, rainfall, irrigation demand, and soil moisture together have not been considered in a single model thus far. This paper addresses these issues and presents an improvement of the recent work of Vedula and Mujumdar [1992] . Vedula and Mujumdar [1992] developed a model to obtain an optimal steady state reservoir operating policy for irrigation of multiple crops with stochastic inflows and crop water demands (implicitly stochastic) using stochastic dynamic programming. The model considers reservoir inflow, storage, and soil moisture in the irrigated area as state variables. The study, the first of its kind reported in the literature, has two phases. In the first phase, their model uses deterministic dynamic programming (DP) and allocates a given amount of water among all crops to optimize the impact of the allocation within a given period. This allocation is determined for all possible supplies in a given period and for all periods in a year. In the second phase an SDP model evaluates the system performance over all periods to optimize the overall impact of the allocations over a full year. The main contribution of the paper lies in the integration of the decision-making mechanism at the reservoir level and the farm level. This study, however, has some limitations: (1) the averaging of the soil moisture among all crops at the beginning of the period; (2) rainfall in the irrigated area being considered deterministic; and (3) the amount of allocation to a particular crop in a given period, not explicitly taking into account the allocations received by the crop in the earlier periods, due to a limitation in the technique used.
The present study removes the limitations mentioned above and provides improved features over the earlier work of Vedula and Mujumdar [1992] . The improvement is brought out by a change in the model formulation and methodology. Seasonal values of inflow and rainfall are considered rather than 10-day values. A linear programming-SDP (LP-SDP) approach is used instead of a DP-SDP approach. This facilitated removing the first and third limitations, stated above. The second limitation is removed by considering the rainfall in the irrigated area as stochastic. Evapotranspiration, however, is considered deterministic in both studies.
There are other conceptual improvements in the present study as well. The soil moisture in module 1 is not restricted to any set of discrete values as in the earlier study [Vedula and Mujumdar, 1992] where kpa n is the pan coefficient, and E;a n is the measured pan evaporation for the reservoir command for period t. Actual evapotranspiration. In the present model it is assumed that AET = PET only when the soil moisture is at field capacity and that AET decreases linearly with the decrease in the soil moisture from the field capacity [Doorenbos and Kassam, 1979] .
The various assumptions and the constraints of the intraseasonal model are presented in the following sections.
Reservoir water balance.
The reservoir water balance is governed by the reservoir storage continuity equation:
where S t is the active storage at the beginning of the period t, Q t is the reservoir inflow during the period t, R t is the reservoir release (for irrigation) in the period t, L t is the evaporation loss from the reservoir in period t, and OVFt is the overflow from the reservoir during the period t. 
and .4 0 is the water spread area corresponding to the dead storage volume, .4a is the water spread area per unit active storage volume above the dead storage level, and e t is the evaporation rate in period t. X t, the total amount of irrigation water available at the farm level, is given by
where r• is the conveyance efficiency. In (6), St, Qt, Rt, and OVF t are in volume units, whereas e t is in depth units. Reservoir storage in any period should not exceed the capacity (active), S ....
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The intraseasonal allocation model requires the storages at the beginning and end of the season T to be specified. and NPg is the number of periods in the growth stage #.
The uniform distribution assumption is relaxed for the first growth stage of all crops to avoid an anomaly. Because the soil moisture is assumed to be at field capacity at the beginning of the first period of the first growth stage, there will not normally be any irrigation requirement during the first period, whereas irrigation may be required in subsequent periods. The uniform distribution assumption for the first growth stage is relaxed to accommodate this situation.
In any period the total water allocated to all crops should equal the water available for allocation, X,.
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The model should also take into account crops whose durations are longer than a season. In this case a convenient way is to specify that the end-of-season soil moisture should be at field capacity (to be consistent with the assumption of the soil moisture being at field capacity at the beginning of each season for all crops). The model forces irrigation to satisfy this requirement.
To ensure that soil moisture reaches field capacity before deep percolation occurs, and that the reservoir does not spill before reaching its capacity, a penalty term is added to the simple objective function (2) 
Seasonal Allocation Model
The seasonal allocation model (module 2) gives the optimal steady state operating policy of the reservoir over the seasons. SDP is used for this purpose. The derived steady state operating policy specifies optimal end-of-season reservoir storage, for given conditions of initial reservoir storage, seasonal inflow, and seasonal rainfall. The policy implicitly specifies the optimal irrigation allocations in each of the intraseasonal periods for each of the crops. Ten-day streamflows were generated using the ThomasFiering model and discretized into five class intervals. Seasonal inflow transition probabilities were obtained from the gener- Here/*, optimal storage class at the end of the season; OF, objective function value. The seasonal inflow state, i, is 1.
